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ABSTRACT 
The quantitative multiplexing capacity of isobaric Tandem Mass Tags (TMT) has increased the throughput of 
affinity purification mass spectrometry (AP-MS) to characterize protein interaction networks of 
immunoprecipitated bait proteins. However, variable bait levels between replicates can convolute interactor 
identification. We compared the Student's t-test and Pearson's R correlation as methods to generate t-statistics and 
assessed the significance of interactors following TMT-AP-MS. Using a simple linear model of protein recovery 
in immunoprecipitates to simulate reporter ion ratio distributions, we found that correlation-derived t-statistics 
protect against bait variance while robustly controlling Type I errors (false positives). We experimentally 
determined the performance of these two approaches for determining t-statistics under two experimental 
conditions: irreversible prey association to the Hsp40 mutant DNAJB8H31Q followed by stringent washing, and 
reversible association to 14-3-3z with gentle washing. Correlation-derived t-statistics performed at least as well 
as Student’s t-statistics for each sample, and with substantial improvement in performance for experiments with 
high bait level variance. Deliberately varying bait levels over a large range fails to improve selectivity but does 
increase robustness between runs. The use of correlation-derived t-statistics should improve identification of 
interactors using TMT-AP-MS. Data are available via ProteomeXchange with identifier PXD016613. 
 
Key Words: isobaric tags; tandem mass tags; quantitative proteomics; protein-protein interactions; affinity 
purification – mass spectrometry; DNAJB8; 14-3-3z  
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INTRODUCTION 
Protein-protein interactions (PPIs) allow the assembly of protein complexes, mediate signaling pathways, and 
define the client distribution of enzymes involved in post-translational modifications1–5. Identifying and 
characterizing PPIs provides valuable molecular insights into cell function and physiology. However, the large 
dynamic range of PPI strength and abundance challenges the discrimination of bona fide from artefactual 
interactions. This challenge is central to the interpretation of most PPI datasets, including those acquired by the 
most prevalent techniques: yeast two-hybrid 6–8, sandwich assays such as LUMIER39,10, microarrays11, chemical 
crosslinking12,13, and Affinity Purification coupled with Mass Spectrometry (AP-MS)14–19. In the latter approach, 
a "bait" protein is isolated, and its co-isolating "prey" interactors are identified by MS. Because many proteins 
associate with beads independent of bait, this approach is prone to false positives (Type I errors). To decrease 
false positives, more stringent wash buffers can be used, but this in turn increases false negatives (Type II errors). 
Alternatively, false positives can be minimized by carefully filtering out potential prey that are known to strongly 
associate with beads, or by comparison to controls obtained under similar conditions20,21. Large datasets 
comprised of dozens to thousands of AP-MS runs reveal the identities and intensities of non-specific binding 
proteins associated with an individual AP-MS platform, which can then be compared to each individual AP-MS 
experiment21–23. This was most dramatically demonstrated in the BioPlex, which determined over 70,000 
interactions from over 5,000 proteins (and counting) using the Comparative Proteomics Analysis (ComPASS) 
methodology24,25. For smaller datasets, however, while aggressive statistical filters ensure that only high-quality 
interactors are reported, they can also lead to few identified prey 26,27. 
TMT-AP-MS allows direct quantitative comparisons of prey recovery across multiple replicates in a single run, 
simplifying evaluation of whether potential interactors are preferentially recovered with the bait22,28. However, 
variation in bait levels between conditions, particularly when using transient transfection, leads to variability in 
recovered prey levels. For experiments comparing interaction networks for a single bait between cellular 
conditions, this variability has been controlled by normalizing prey levels to bait levels28,29; this approach is not 
available when differentiating real vs. artefactual interactors, as minimal bait levels are present under mock 
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transfection conditions. Several studies have been successful at identifying protein complex composition by 
global correlation analysis following native protein chromatography. In this approach, proteins are 
chromatographically separated under conditions that preserve native complexes, with the expectation that proteins 
that co-fractionate are likely to interact. A similar approach is to perform a  large number of immunoprecipitations, 
and then to determine which proteins co-IP reproducibly; in this case correlations are made between each 
prey:prey combination rather than solely between prey and bait. 30–33. This approach relies upon the tendency of 
interacting proteins to maintain stoichiometry. However, both of these approaches require large scale experiments 
and probe global interaction maps, while researchers frequently want to identify interactors of a specific bait 
protein with the fewest number of replicates. We thus consider whether using a correlation-based analysis can 
assist in identifying prey following individual TMT-AP-MS runs for a single bait. Herein, we report that 
evaluating potential interactors on the basis of their Pearson’s correlation with bait levels decreases Type II errors 
without increasing Type I errors. 
 
EXPERIMENTAL 
Reagents. Buffer components and other biochemical reagents were all purchased from Fisher, VWR, or 
Millipore Sigma. Nanopure water and sterilized consumables were used for all biochemical experiments. 
Simulations. Calculations were performed in Mathematica (See Supporting Methods). TMT runs were 
simulated by populating reporter ion ratios for three types of protein: bait, non-specific interactors (ni), and 
specific interactors (prey). Background signals for each protein, bait levels in an individual replicate, the ratio of 
each prey to the bait, and replicate-level error for all measurements were drawn from truncated normal 
distributions. For each parameter set, 100 TMT 6-plex samples were populated with 3 channels including “bait” 
and 3 channels serving as “mock”s, with no bait expressed. Area under the curve was calculated by integration of 
a 100-point parametrization of the Receiver Operating Characteristic curve, with prey taken as true-positives and 
non-specific interactors taken as false positives. Mathematica code may be found at 
https://github.com/josephgenereux/ROC-Simulations-in-Mei-et-al. 
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Molecular Cloning. DNAJB8 was amplified from pcDNA5/FRT/TO V5 DNAJB834 and inserted into the 
pFLAG.CMV2 vector by PIPE cloning35. The H31Q mutation was introduced into DNAJB8 using site-directed 
mutagenesis. 14-3-3ζ was amplified from cDNA derived from HepG2 (ATCC) using TRIzol (Fisher), and 
inserted into the pFLAG.CMV2 vector by PIPE cloning. eGFP.pDEST30 has been reported36. All constructs were 
subjected to analytical digest and sequenced (Retrogen) to confirm identity. Primers were purchased from IDT, 
and all cloning enzymes purchased from New England Biolabs. Primer sequences are available in Table S1. 
Human Tissue Culture. HEK293T cells (ATCC) were cultured in DMEM (Corning) supplemented with 10% 
fetal bovine serum (FBS; Seradigm), 2 mM L-Glutamine (Corning), and penicillin (100 IU/mL)-streptomycin 
(100 µg/mL; Corning), and used within 30 passages. Cells were checked monthly for mycoplasma contamination 
by PCR assay. Plasmid DNA was introduced into cells by the method of calcium phosphate transfection. 
Transfection efficiency >80% was confirmed in all experiments by GFP positive control. 
Immunoprecipitation. Cells were harvested from confluent 10 cm dishes at 36 to 48 h post-transfection by 
scraping in TBS buffer with 1 mM EDTA. High stringency lysis was performed in RIPA buffer (150 mM NaCl, 
50 mM Tris pH 7.5, 1% Triton X100, 0.5% sodium deoxycholate, 0.1 % SDS). Low stringency lysis and washes 
was performed with 0.1% Triton X-100 in TBS (10 mM Tris pH 7.5, 150 mM NaCl). For conditions involving 
dithiobis succinimidyl propionate (DSP) crosslinking, cells were incubated in 1 mM DSP/1%DMSO/PBS for 30 
min. with rotating at ambient temperature, and then quenched by addition of Tris pH 8.0 (to 90 mM) and rotating 
for 15 min. at ambient temperature. Cells were lysed for 30 min on ice in lysis buffer supplemented with fresh 
protease inhibitors (Roche). Lysate was separated from cell debris centrifugation at 21,100 x g for 15 min at 4°C. 
Protein was quantified by Bradford assay (Bio-rad). Lysates were pre-cleared with 15 uL sepharose-4B beads 
(Millipore Sigma) for 30 min at 4°C, then centrifuged at 1,500 × g for 1 min to pellet beads, denatured by boiling 
for 10 min at 100 °C in 20% SDS, followed by immunoprecipitation (at 0.1% SDS) with 15 µL M2 anti-FLAG 
Magnetic Beads (Millipore Sigma) and overnight rotation at 4 °C. The denaturation step was excluded for low-
stringency immunopurifications. Immunodepletion was validated by immunoblot. Beads were washed the next 
day four times with lysis buffer, 10 min each wash rotating at ambient temperature. Bound proteins were eluted 
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from the beads by boiling for 5 min at 100°C in 30 uL of Laemmli concentrate (120 mM Tris pH 6.8, 60% 
glycerol, 12% SDS, brilliant phenol blue to color). About 17% of eluates were reserved for silver stain analysis, 
while the remainder was prepared for mass spectrometry.   
Silver Stain. Eluates were boiled for 5 min at 100°C with 0.17 M DTT and separated by SDS-PAGE. Gels were 
fixed overnight in 30% ethanol/10% acetic acid or for a few hours with 50% methanol/12% acetic acid. Gels were 
washed in 35% ethanol three times for 20 min each, sensitized for 2 min (0.02% Na2S2O3 in H2O), washed three 
times for 1 min each in H2O, and stained for 30 min to overnight in Ag staining solution (0.2% AgNO3, 0.076% 
formalin). After two 5 min rinses in H2O, gels were developed with 6% NaCO3/0.05% formalin/0.0004% 
Na2S2O3. Development was stopped with 5% acetic acid. Gels were imaged on a white-light transilluminator 
(UVP). 
TMT-MuDPIT. Immunoprecipitates were prepared for TMT-AP-MS according to standard protocols28,37. 
Labeled and pooled digests were fractionated by SCX in line with a reversed-phase analytical column to enable 
two-dimensional separation prior to electrospray ionization. Peptides were analyzed using an LTQ Orbitrap Velos 
Pro in data-dependent mode. The top ten peaks from each full precursor scan were fragmented by HCD to acquire 
fragmentation spectra. Peptide-spectra matches were evaluated by ProLuCID38,39 using a Uniprot proteome 
database supplemented with common contaminants and a full decoy set, and filtered (DTA Select version 
2.0.2740) to 1% false discovery rate for peptide identifications. TMT reporter ion ratios were quantified in 
Census41, and only unique peptides were considered. Full conditions and parameters are provided in Supporting 
Experimental Methods. The mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE42 partner repository with the dataset identifier PXD016613 and 10.6019/PXD016613. 
Parallel Reaction Monitoring. Human DNAJB8 peptides appropriate for PRM (not including H31) were chosen 
using the Picky online interface43,44 (Table S2). Lysates were prepared for PRM according to standard 
protocols28,37. Digests (20 µg) were injected onto a homemade C18 trapping column for desalting and then 
separated on a reversed-phase analytical column prior to electrospray ionization. Peptides were analyzed 
according to a scheduled isolation method using an LTQ Orbitrap Velos Pro. Chromatograms were integrated in 
